Rheumatoid arthritis (RA) is a chronic inflammatory joint disease characterised by the inflammatory cell infiltration and proliferation of synovial tissue, followed by cartilage and bone destruction. Accumulation of fibrin is a prominent morphologic finding in the cavity of inflamed joints implied in the aggravation of joint damage [1] . Plasminmediated degradation of the fibrin net within the joint might be viewed as an anti-inflammatory defence reaction. Urokinase plasminogen activator (uPA) is a serine protease indicated as the principal regulator of plasmin activity during arthritis [2] [3] [4] [5] and may be produced within the joint cavity. Indeed, cultured chondrocytes produce uPA spontaneously [6, 7] , while synoviocytes and mononuclear cells respond with a prominent uPA production upon stimulation with proinflammatory cytokines [8] [9] [10] or with growth factors [11] .
active forms of matrix metalloproteinases (MMPs), a group of enzymes that promote degradation of joint cartilage [13, 14] . uPA also exhibits an indirect stimulatory effect by activating latent growth factors [15] . On the contrary, uPA has been shown to be essential for the alleviation of antigen-induced arthritis [16] and in defence during endotoxin challenge [17] . Moreover, uPA null mice show diminished T-cell proliferation capacity and a shifted cytokine pattern to the T helper cell type 2 direction, displaying low IFN-γ and IL-12 production but high IL-10 production [18] . uPA binds through its amino-terminal fragment to the urokinase plasminogen activator receptor (uPAR), a glycosylphosphatidylinositol-anchored molecule on the cell wall that attracts proteolysis to the cell surface. Pericellular proteolytic processes triggered by the uPA/uPAR interaction evoke various cell events including adhesion and proliferation, chemotactic migration and differentiation that are of vital importance for the innate immune response (reviewed in [19] ).
The complexity of the processes taking place in the inflamed joint does not permit a definitive conclusion about the role of uPA in the development of arthritis, at least not in a human setting. We demonstrate that intraarticular injection of highly purified uPA induces arthritis in naïve mice. The inflammation is characterised by abundant mononuclear cell infiltration, pannus formation and occasional development of erosions. Furthermore, we demonstrate that the serine proteinase activity of uPA rather than its interaction with the uPAR is essential for the development of joint inflammation.
Materials and methods

Synovial fluid and blood samples
Synovial fluid and blood samples were collected from 67 patients with RA (aged 29-87 years) who attended the Rheumatology Clinic, Sahlgrenska University Hospital, Göteborg for acute joint effusion. Forty-six patients displayed erosive joint disease, as detected by X-ray imaging, and 47 patients were positive for rheumatoid factor (RF). Synovial fluid was aseptically aspirated and transferred into tubes containing sodium citrate (0.129 mol/l; pH 7.4). Blood samples from all 67 RA patients were simultaneously obtained from the cubital vein and directly transferred into sodium citrate medium. Blood samples from 22 healthy individuals (aged 32-66 years) were used in the control group. The collected blood and synovial fluid samples were centrifuged at 800 × g for 15 min, aliquotted and stored frozen at -20°C until use.
Mice and reagents
Female NMRI mice (6-8 weeks old, weighing 25-30 g) were purchased from ALAB (Stockholm, Sweden). SCID mice were obtained from Charles River Laboratories (Uppsala, Sweden). The breeding pairs of IL-1 receptor type I knockout mice and their transgenic counterpart C57BL/6 mice were purchased from Jackson Laboratory (Bar Harbor, ME, USA). The mice were bred and housed in the animal facility of the Department of Rheumatology, University of Göteborg, under standard conditions of temperature and light, and were fed laboratory chow and water ad libitum. The uPAR knockout mice and their transgenic counterpart (75% BL6/25% 129) [20] were bred at the animal facility of the Center for Transgene Technology and Gene Therapy, University of Leuven, Belgium. Human low molecular weight (LMW)-uPA was purchased from American Diagnostica (Greenwich, CT, USA), and high molecular weight (HMW)-uPA was from Medac (Hamburg, Germany).
Injection protocol and cell depletion procedures
NMRI mice were used in all the experiments unless stated otherwise. Both HMW-uPA and LMW-uPA were injected intra-articularly into the right knee joint in a total volume of 20 µl. Control mice received an equivalent volume of PBS buffer.
For monocyte depletion, mice were injected subcutaneously with etoposide (Bristol-Myers Squibb, Bromma, Sweden; 12.5 mg/kg body weight in a volume of 100 µl) on three consecutive days before and after the uPA injection. FACS analysis showed that such a procedure depletes the monocyte population by more than 90% [21] . To assess the role of lymphocytes, uPA was injected into SCID mice lacking functional T lymphocytes and B lymphocytes.
Inactivation of uPA with synthetic inhibitor
Synthetic peptide H-D-Pro-Phe-Arg-chloromethylketone (PPACK; Bachem, Feinchemikalien AG, Switzerland) was used to inhibit the serine proteinase activity of uPA. To allow complex formation, uPA (3 µM) was incubated with 30 µM PPACK in Tris-HCl buffer (pH 7.4) in a 37°C water bath for 30 min. The inhibitory effect of PPACK was evaluated by hydrolysis of S-2251 (0.3 mM; Chromogenix, Mölndal, Sweden) in the presence of 300 nM Glu-plasminogen (Biopool, Umeå, Sweden). The preincubated uPA-PPACK complex was injected intra-articularly into the right knee joint of each mouse. Control mice received PPACK alone (40 nmol/joint). In the parallel experiment, 40 nmol/mouse PPACK was injected intraperitoneally, twice daily during three consecutive days after the intraarticular injection of uPA.
Histopathological and immunohistochemical examination of joints
Three days after the joint injection, the mice were sacrificed by cervical dislocation and the right knee was removed for histopathologic and immunohistochemical examination. Histological examination of joints was carried out after routine fixation, decalcification and paraffin embedding of the tissue. Tissue sections of the knee joints R11 were cut and stained with H & E. All the slides were coded and evaluated blindly by two investigators with respect to synovial hypertrophy, to the inflammatory cell infiltration of the synovia, to pannus formation, and to cartilage and subchondrial bone destruction. Synovial hypertrophy was defined as a synovial membrane thickness of more than two cell layers. The intensity of inflammatory cell infiltration of the synovia (arthritis index) was graded arbitrarily from 0 to 8.
For immunohistochemistry, the knee joints were demineralised in 10% EDTA-0.1 M Tris buffer (pH 6.95) by an enzymatic procedure previously described in detail [22] . The demineralised specimens were frozen in isopentane, and stored at -70°C. Serial cryosections (6 µm thick) were fixed in acetone and depleted of endogenous peroxidase activity by treatment with H 2 O 2 . Sections were stained with rat monoclonal anti-CD11b (Mac-1, M1/70), CD4 + (GK 1.5), or CD8 + (all antibodies obtained from PharMingen, San Diego, CA, USA) in a humid chamber overnight, followed by incubation with biotinylated secondary antibodies (rabbit antirat IgG; DAKO, Glostrup, Denmark) and finally with avidin-biotin-peroxidase complexes. The enzymatic reaction was developed using H 2 O 2 in 3-amino-9-ethyl-carbazole buffer (pH 5.5). Joint sections were also stained with goat antimouse uPAR monoclonal antibodies (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) and then incubated with horseradish peroxidelabelled secondary antibodies (rabbit antigoat; DAKO). Control staining was performed using irrelevant goat IgG (Jackson ImmunoResearch Laboratories, West Grove, PA, USA). All sections were counterstained with Mayer's haematoxylin.
In vitro spleen cell stimulation
Mice spleens were aseptically removed, and passed through a nylon mesh. Erythrocytes were depleted by lysis in 0.83% ammonium chloride, and the remaining cells were carefully washed in PBS. The resulting single-cell suspension was adjusted to a cell density of 1 × 10 6 /ml in Iscove's complete medium (10% FCS, 2 mM L-glutamine, 5 × 10 -5 M mercaptoethanol and 50 µg/ml gentamicin). Splenocyte cultures were stimulated with LMW-uPA and HMW-uPA (final concentration between 60 and 0.6 nM). Control cultures were stimulated with lipopolysaccharide (10 µg/ml) and concavalin A (2.5 µg/ml). Supernatants were collected at defined time points for the determination of cytokine levels (see later).
To assess proliferative responses, a splenocyte suspension (1 × 10 6 /ml) in Iscove's complete medium was added to 96-well, flat-bottomed microtitre plates (Nunc, Copenhagen, Denmark) in triplicate and incubated with various preparations of uPA (final concentrations between 60 and 0.6 nM) for 72 hours. Splenocyte stimulated with lipopolysaccharide (10 µg/ml) served as a positive control.
During the last 12 hours, the cells were pulsed with 1 µCi [ 3 H]thymidine (Amersham, Bucks, UK). Cells were harvested into a glass fibre filter and thymidine incorporation was measured in a β-counter. The results were expressed as a stimulation index (mean ± SEM) and were compared with nonstimulated cells.
Measurement of cytokine levels
IL-6 levels were measured by a bioassay employing the cell clone B13.29, subclone B9, which is dependent on IL-6 for its growth [23] . The cell suspension (1 × 10 6 /ml) was incubated with sample supernatants for 72 hours and pulsed with 1 µCi [ 3 H]thymidine. Incorporation of thymidine corresponded to the amount of IL-6 in the culture. The results were compared with recombinant IL-6 standard (Genzyme, Cambridge, MA, USA).
IFN-γ levels were quantified by an ELISA. The 96-well, flatbottomed polyester plates (Nunc) were coated with rat antimouse IFN-γ antibodies (2 µg/ml; Pharmingen, San Diego, CA, USA) in carbonate buffer (pH 9.6) overnight. After blocking with 1% Tris-BSA (pH 7.4), samples were added and incubated for 2 hours at 37°C followed by incubation with biotinylated antimouse antibodies (2 µg/ml) overnight. Colour development was registered at 450 nm using extravidin alkaline phosphatase (0.5 mg/ml) and substrate. Sample concentrations were calculated using recombinant mouse IFN-γ (Genzyme).
Tumour necrosis factor alpha (TNF-α) and IL-1β levels were determined using Quantikine™ ELISA kits (R&D systems Inc., Abingdon, UK) following the manufacturer's instructions.
Measurement of uPA levels
The uPA levels in the plasma and synovial fluid samples as well as in various preparations of uPA were determined as a total uPA antigen level, by a sandwich ELISA (Haemochrom Diagnostica GmBH, Mölndal, Sweden) following the manufacturer's recommendation. Primary antibodies consisted of a mixture of monoclonal antibodies reactive with single-chain and two-chain variants of uPA. Samples were tested in a 1: 20 dilution. The obtained values were recalculated using the reference curve.
Statistical analysis
The frequency of arthritis in groups was analysed by Fisher's exact test. The severity of arthritis was compared using the Mann-Whitney U test. The level of uPA in the blood and synovial fluid samples as well as the level of cytokines in the supernatants were expressed as the mean ± SEM. Differences in the matched blood and synovial fluid samples were analysed by the paired t test. Differences in the groups were calculated by the MannWhitney U test. P < 0.05 was considered significant.
Results
Accumulation of uPA in synovial fluid of RA patients
The plasma levels of uPA in RA patients (n = 67) proved to be significantly higher compared with those in healthy controls (n = 22) (29.9 ± 4.4 versus 1.3 ± 0.3 ng/ml, P < 0.0001). The concentration of uPA in the joints of RA patients (71.5 ± 11.9 ng/ml) was even higher than in the matching blood samples (P < 0.0001). The uPA levels in synovial fluid were strongly related to the corresponding blood level (r = 0.80, P < 0.0001) (Fig. 1) and to the duration of the disease (P < 0.05). Levels of uPA correlated neither to the blood levels of acute phase reactants (C-reactive protein, sedimentation rate) nor to the white blood cell/neutrophil counts in synovial fluid. The RA patients positive for RF had higher levels of uPA compared with those patients negative for RF. This observation was true both in the case of blood samples (36.5 ± 6.0 versus 20.0 ± 5.5 ng/ml, not significant) and in the case of synovial fluid samples (79.2 ± 11.9 versus 38.9 ± 8.2 ng/ml, P = 0.032).
The most striking difference with respect to the uPA levels in blood and in synovial fluid was observed when the patients were stratified with respect to erosive joint disease and RF. The uPA level was high in patients with erosive joint disease who were positive for RF (n = 38), compared with those with erosive disease who were RF negative (n = 8) (blood, 37.3 ± 7.1 versus 5.9 ± 1.9 ng/ml, P < 0.05; synovial fluid, 83.8 ± 14.0 versus 22.5 ± 9.2 ng/ml, P < 0.05). In contrast, patients with nonerosive joint disease revealed no differences of uPA levels with respect to the presence or absence of RF.
Intra-articularly deposited uPA is arthritogenic
The arthritogenic capacity of uPA was tested by a single intra-articular injection of both HMW-uPA and LMW-uPA into the knee joint of healthy mice. The concentrations tested spanned between 60 and 0.6 pmol/knee (from 2000 to 20 ng/knee). Morphological evaluation of the injected joints with respect to hypertrophy and inflammatory cell infiltration of the synovia, to pannus formation and to the development of bone erosions was performed on the fourth day after instillation of uPA. The reason for choosing this timeframe was to avoid potential immune reactivity to the heterologous protein. Both the frequency and severity of arthritis exhibited a dose-dependent pattern. The highest frequency of arthritis was observed using 60 pmol/knee LMW-uPA and reached 72% (22 out of 31 mice), being significantly higher than that of control joints injected with an equal volume of PBS buffer (four out of 20 mice, P < 0.05). Synovitis (severity 1-8, mean 2.8 ± 1.9) was observed in all cases of arthritis. In addition, pannus formation (n = 5) and bone erosions (n = 2) were found (Fig. 2) . The equivalent dose of HMW-uPA gave rise to arthritis in 40% of cases (four out of 10 mice), and the frequency remained low even when a 50 times higher concentration was used (data not shown).
To assess the role of the uPAR in the mediating of inflammation after injection of uPA, uPAR -/-mice and their genetic counterpart (75% BL6/25% 129, as indicated in Materials and methods) were injected with 60 pmol/knee LMW-uPA. Morphological features of arthritis were found in 83% of uPAR -/-mice, demonstrating no significant difference from the control group possessing uPAR (5/6 versus 6/8, not significant).
The cellular composition of the synovial infiltrates as assessed by immunohistochemical staining of joint sections revealed the dominance of Mac-1 + mononuclear cells, while CD4 + and CD8 + cells were rarely observed in the synovial tissue (Fig. 3) . uPAR expression was absent in the joints injected with LMW-uPA.
Monocytes and lymphocytes are essential for the uPAinduced inflammation
LMW-uPA (60 pmol/joint) was used to evaluate the role of different leukocyte populations in the development of uPAinduced arthritis. Depletion of peripheral monocytes with etoposide resulted in a remarkable reduction in the frequency and severity of synovial inflammation, since only one out of 12 mice (8%, severity mean 0.5 ± 0.2) developed arthritis. Analogously, injection of LMW-uPA into SCID mice lacking functional T lymphocytes and B lymphocytes resulted in arthritis only in two out of eight mice
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Figure 1
Accumulation of urokinase plasminogen activator (uPA) in the synovial fluid of patients with rheumatoid arthritis (RA). The level of uPA is presented as the mean ± SEM (ng/ml). Significance regarding differences between the groups is indicated. (25%, severity mean 0.75 ± 0.15). In both cases, the frequency and severity of arthritis were significantly lower than in the untreated animals exposed intra-articularly to uPA (P < 0.05) (Fig. 4) . The results allow us to conclude that monocyte and lymphocyte cell populations are both important for the development of uPA-induced arthritis.
uPA induces cytokine production in vitro
To evaluate cytokine production by mouse spleen cells exposed to uPA, single cell cultures were incubated with LMW-uPA in a final concentration ranging from 0.6 to 60 nM. Supernatants were collected after 6, 24 and 48 hours of stimulation. IL-6 was found already after 6 hours of stimulation, and its concentration remained high during 48 hours of culturing. The level of IL-6 was directly related to the concentration of LMW-uPA (Fig. 5) . Indeed, treatment with 60 nM LMW-uPA resulted in 100-fold increased IL-6 production compared with nonstimulated cells (889 ± 134 versus 9 ± 6 pg/ml, P < 0.001). A different pattern of stimulation was registered for TNF-α and IL-1β. Both TNF-α and IL-1β appeared in supernatants first after 24 hours of stimulation, and required lower doses of LMW-uPA (6 nM) for the induction. Production of IFN-γ was not detected in uPA-stimulated spleen cell cultures.
Stimulation of spleen cells from uPAR -/-mice (n = 3) with LMW-uPA for 48 hours demonstrated a similar dosedependent increase in IL-6 (3093 ± 564 pg/ml when stimulated with 60 nM) and no change in the TNF-α levels in the supernatants. The level of IL-6 did not differ from that detected in the uPAR +/+ supernatants (2972 ± 437 pg/ml, n = 3). To further assess the role of IL-1 in the development of uPA-induced arthritis, LMW-PA was injected intra-articularly (60 pmol/knee) into the IL-1 receptor type 1 null mice. A significant reduction in the frequency of arthritis was not observed compared with the control group of C57BL/6 mice (4/10 versus 6/10, not significant).
Several preparations of uPA were tested in the in vitro experiments. None of the uPA preparations (HMW-uPA or LMW-uPA) induced proliferative activity of mouse spleen cells. No change in the IL-6, TNF-α and IL-1β levels were observed in the supernatants of NMRI, uPAR -/-and uPAR +/+ spleen cells after stimulation with HMW-uPA.
Serine proteinase activity of uPA is important for the induction of arthritis
PPACK was used to inhibit the serine proteinase activity of uPA. Systemic (intraperitoneal) and local (intra-articular) methods of PPACK administration were tested. In both sets of experiments, PPACK was efficient in diminishing the frequency of the uPA-induced arthritis. When PPACK was administered intraperitoneally, uPA-triggered arthritis developed only in 36% of uPA-injected joints (P < 0.05). The severity of arthritis was also significantly reduced compared with that in untreated mice (1.2 ± 0.8 versus 2.8 ± 1.9, P < 0.05). Direct intra-articular administration of PPACK was less efficient since, in 50% of joints injected with the uPA-PPACK complex, the arthritis was visible (not significant). These results indicate that the enzymatic function of uPA as a serine proteinase is of importance in mediating the inflammatory processes in the joint.
Discussion
The present results indicate that uPA is a constitutive component of the inflamed synovial fluid in RA joints. Increased levels of uPA detected locally in joints as compared with those in plasma of the same patients indicate either accumulation or, more probably, production of uPA by the cells invading the synovial tissue during the process of arthritis. The significant correlation observed between the uPA levels in the synovial fluid and the erosivity of arthritis suggests the regulatory role of uPA in joint destruction. However, direct proof of the arthritogenic properties of uPA is still lacking. The present study demonstrates that injection of uPA directly into the joints of healthy mice triggers arthritis, characterised by synovial inflammation and occasional cartilage destruction, and 
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Figure 4
Essential role of monocytes and lymphocytes for the development of urokinase plasminogen activator (uPA)-induced arthritis. Frequency of histological signs of arthritis 4 days after a single injection of low molecular weight uPA (60 pmol/knee). Significance regarding the difference of incidence of arthritis between the groups is indicated. Frequency of arthritis (%) P < 0.05
Figure 5
In vitro cytokine production following stimulation with low molecular weight urokinase plasminogen activator for 48 hours. (a) IL-6 (n = 10), (b) tumour necrosis factor alpha (TNF-α) (n = 6), and (c) IL-1β (n = 4). Levels of cytokines are presented as the mean ± SEM (pg/ml). Significant difference in the groups is indicated; n.s., not significant. Using a synthethic serine protease inhibitor (PPACK), we demonstrated that serine protease activity is essential for the proinflammatory effect of uPA. Substrates to be activated by uPA include plasminogen, MMPs and plasminogen-related growth factors (hepatocyte growth factor [HGF] and macrophage stimulating proteins), molecules participating in the degradation of the extracellular matrix and the regulation of angiogenesis [12, 15] . The clinical relevance of MMPs and plasminogen in joint inflammation is based on the studies of the synovial fluid and tissues of RA patients that revealed an association between the level and localisation of these molecules with uPA [24, 25] . Further support was obtained in animal models when downregulation of MMPs resulted in alleviation of antigeninduced arthritis [26] [27] [28] . In the present experiments, it has been clearly demonstrated that LMW-uPA gave rise, in a dose-dependent way, to the production of inflammatogenic and tissue-destructive cytokines (Fig. 4) . IL-6, TNF-α and IL-1β have all been previously demonstrated to participate in joint inflammation in human RA [29, 30] and in experimental arthritis [31] . However, other effects of LMW-uPA once in the joint cavity cannot be excluded. Indeed, plasmin and HGF may be considered possible mediators of the uPA-induced inflammation, since both molecules act as chemoattractants for mononuclear cells [32] [33] [34] , an important constituent of the synovial infiltrate in the uPA-induced arthritis. However, in our experimental model, intra-articular injection of plasmin/plasminogen resulted neither in a mononuclear cell influx in the synovial tissue nor in IL-6 production in vitro (results not shown). These observations allow one to suggest that plasminogen is not the major mediator of the uPA-induced inflammation.
Pannus formation was a remarkable finding in uPAinduced arthritis, taking into consideration the short time course of our experiments and the self-limiting character of inflammation. HGF is proposed to regulate the development of synovial hyperplasia [35, 36] . In this context, uPA controls the formation of functional HGF on the surface of endothelial cells and monocytes [37, 38] . The earlier findings together with the present data make HGF a possible candidate for the mediation of uPA-induced synovitis. This suggestion finds further support in the HGF-mediated release of inflammatory cytokines (IL-6 and granulocyte-macrophage colony-stimulating factor) by human monocytes [34] .
The uPA-induced arthritis may be mediated, besides its proteolytic and cytokine triggering effects, by a direct interaction with the uPAR, a high affinity receptor that is constitutively expressed on peripheral blood leukocytes and may be found on the cultured cells of joint tissues, such as synoviocytes and chondrocytes [11] . In the present study, however, we have demonstrated that interaction with the uPAR is not essential for the development of uPA-induced arthritis. First, the LMW-uPA used for the intra-articular injections lacks the N-terminal fragment necessary for binding to the receptor. Second, the injection of LMW-uPA to uPAR null mice resulted in arthritis. In addition, we were unable to detect the expression of uPAR in the murine inflamed joints injected with uPA.
Mononuclear cell infiltration of synovia is a typical sign of early RA, which is found in the majority of asymptomatic subjects preceding clinically overt arthritis [39, 40] . The Mac-1 + CD4 -mononuclear cells were by far the most predominant cell population in the inflamed synovial tissue triggered by delivery of uPA, thereby sharing this feature with early RA.
Intriguingly, the HMW-uPA, possessing both full serine protease activity and the amino-terminal fragment interacting with the uPAR, appeared to be less efficient both in giving rise to the cytokine production and in evoking joint inflammation. Analogous to our observations, HMW-uPA did not induce proinflammatory signalling in polymorphonuclear cells [41] . Both HMW-uPA and LMW-uPA are the two naturally existing forms of the uPA. Cleavage of the HMW-uPA is performed by several proteases including MMPs and plasmin, resulting in the release of the LMWuPA molecule, and may serve as a feedback mechanism of the uPA-induced inflammation. Analysis for different forms of uPA in the synovial fluid indicated an excess of thrombin-cleaved uPA molecules that may be further activated by cathepsin C [42] . Little is known about the physiological role of LMW-uPA. It has been hypothesised that fragments of neutral and immunologically inert substances (e.g. hyaluronan, collagen-like polypeptides, fibrin degradation products, fibronectin) have biological activities different from their high molecular mass precursor molecules [43] [44] [45] [46] . Similar reasoning could be applied with respect to uPA.
Conclusion
In conclusion, we have demonstrated that uPA, a constitutive component of inflamed synovial fluid in RA patients, is proinflammatory and may be responsible for an induction/perpetuation of intra-articular inflammation. In addition, the present results demonstrate that uPA mediates its effect through a uPAR-independent but serine protease-dependent mechanism.
